This paper presents the design, analysis and experimental verification of strut-based lattice structures to enhance the mechanical vibration isolation properties of a machine frame, whilst also conserving its structural integrity. In addition, design parameters that correlate lattices, with fixed volume and similar material, to natural frequency and structural integrity are also presented. To achieve high efficiency of vibration isolation and to conserve the structural integrity, a trade-off needs to be made between the frame's natural frequency and its compressive strength. The total area moment of inertia and the mass (at fixed volume and with similar material) are proposed design parameters to compare and select the lattice structures; these parameters are computationally efficient and straight-forward to compute, as opposed to the use of finite element modelling to estimate both natural frequency and compressive strength. However, to validate the design parameters, finite element modelling has been used to determine the theoretical static and dynamic mechanical properties of the lattice structures. The lattices have been fabricated by laser powder bed fusion and experimentally tested to compare their static and dynamic properties to the theoretical model. Correlations between the proposed design parameters, and the natural frequency and strength of the lattices are presented.
Introduction
Additive manufacturing (AM) allows almost infinite geometrical design freedom [1] , and the range and mix of potential materials is increasing [2, 3] . However, despite the benefits afforded with having such freedom in design, there is a correspondingly larger design space that can be difficult to navigate. In this paper, we demonstrate how relatively simple design parameters can be used to reduce the design space and pinpoint a near-optimum design.
AM lattices are popular because they exhibit various advantages over solid stuctures and non-additively manufactured cellular solids. AM lattices have all the advantages of cellular solids, for example, lowmass and high impact energy absorbtion, and have an additional advantage: a high degree of design freedom. The freedom to exploit lattice designs is a big advantage that enables, for example, the design of lattices with material grading to provide variations in their structural properties and a controllable deformation property to avoid undesirable failure modes [4] . Another advantage of the freedom of lattice design is that topologically optimised solutions to various problems, for example mechanical, thermal, vibration and energy absorption, can be implemented. In addition, AM lattices can provide better solutions to problems where the loading condition is unpredictable during operation [4] .
Design for AM to isolate vibration: motivation
This study presents design, experimental methodology and design parameters focusing on how to select a lattice design from many feasible strut-based lattice designs, within the same volume and from one material, to be used for a high-efficiency vibration isolation structure and to have sufficient structural integrity to sustain a mass load. Potential applications include metrology frames, machine frames and mounting brackets to support rotary components. Conventionally, to reduce the effect of vibration, both from the system itself and from the environment, high-stiffness structures are used, for example, a highmass solid structure. However, the use of a solid structure does not isolate vibration transferred to the system, rather, the structure attenuates the vibration amplitude [5] .
Vibration isolation is compared to vibration damping in Fig. 1 , which considers a simple case where vibration is transferred from an external vibration source to a machine. In Fig. 1 , the abscissa is the ratio r between the frequency of an external vibration f and the natural frequency of the machine f n . The ordinate is the displacement amplitude d of the machine with respect to the displacement amplitude of the external vibration source. C is damping coefficient that can be in the form of a different component or can be from the structure itself [5] .
In Fig. 1 , vibration damping reduces the amplitude of the transferred displacement due to the vibration. The machine is considered to become one structure with the external vibration source when the fraction of the transferred displacement to the part is equal to unity (see Fig. 1 ). When the ratio between the frequency of the vibration source and the natural frequency of the part is equal to unity, the amplitude of the part displacement will be amplified, having a significantly higher value than the original source displacement; this phenomenon is called resonance [5] .
As an alternative to vibration damping, vibration isolation can be used to reduce the vibration amplitude transferred to the machine, with respect to the external vibration, by separating (isolating) the part from the external vibration source (see Fig. 1 ). Vibration isolation is more effective at reducing the effect of vibration compared to damping because it does not require high mass (weight) to suppress the machine's displacement due to the vibration and it can reduce the displacement of the machine to less than that of the external vibration. The higher the ratio r, the more the part is isolated from the external vibration. To have a high value of r, f n should be smaller than f . A high r value can be achieved by lowering the stiffness of a structure, but, there is a practical limit: if the stiffness is too low, the structure will be unable to sustain mass loads. In Fig. 1 , f n is directly proportional to square root of stiffness over mass ( k m / ) [5] .
Research aim
In this paper, design and analysis of several lattices and experimental methodology to verify the lattices' natural frequency and stiffness (mainly due to bending) are presented. In addition, design parameters are proposed to allow comparison and selection of the optimum design for a strut-based lattice structure, from the potentially large number of feasible designs. All considered designs have the same volume and are fabricated from the same material. The selection focuses on two properties: high-efficiency vibration isolation and sufficient structural integrity to be able to sustain specific mass loads. The design parameters should be able to capture the information about different lattice topologies (configurations) and can be correlated to the natural frequency of different lattices. To capture topology information, the total area moment of inertia of a strut-based lattice and its mass (at fixed volume) are proposed as design parameters.
In this study, because the strut material is identical for all the examined lattice types, two hypotheses are proposed: (1) the stiffness of a lattice is proportional to its total area moment I m / of inertia I , and (2) the natural frequency f n of a lattice is proportional to I/m . By using I/m and I to represent f n and the stiffness of a lattice, respectively, at the design stage, a significant reduction in computational effort to compare f n and stiffness can be obtained, compared to multiple experimental tests or finite element analysis (FEA) procedures. FEA methods, commonly used to predict the natural frequency and compressive strength of a lattice structure, are computationally intensive and require specific procedures to be followed, such as convergence tests [4] . Moreover, the two hypotheses allow the selection of an optimum lattice design from many feasible designs. For each of the lattice structures considered in this work, the stiffness is dominated by bending stress. This was determined by considering Maxwell's criterion [7] , which relates the deformation mechanism of a structure to its nodal connectivity
Lattice structure designs, analyses and simulations
There are a large number of feasible options for designing strutbased lattice structures within a defined volume. A lattice structure consists of nodes (n) and struts (p), as illustrated in Fig. 2 . A node is a joint where two or more struts meet, and a strut is a link or member that connects two nodes. If the number of nodes and struts are not constrained, then there will be a potentially large number of feasible strutbased lattice configurations that can be designed within a fixed volume. The large number of options results from the variation of the number of Fig. 1 . Graph illustrating vibration damping and isolation. Fig. 2 . Illustration of a lattice configuration with nodes n = 9 and struts p = 16.
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To demonstrate the use of the proposed design parameters and to reduce the design space, several lattice parameters have been fixed. The fixed parameters are the number, positions and diameters of the nodes, and the diameter of the struts. By fixing these parameters, the number of lattice design configurations can be significantly reduced. Six models of lattices based on configurations of nine nodes are presented, as shown in Fig. 3 . Model 1 is a body-centred-cubic (BCC) which is the simplest configuration of lattice cell with nine nodes [6] . The other models are generated by varying the strut configuration while maintaining the symmetry, allowing duplication in three directions, of the lattice designs. The number and combination of struts connecting two nodes are the diffierences among the six models. Each of the six singlecell lattice models, presented in Fig. 3 , has a constant volume of (25 × 25 × 25) mm. Based on a common topology representation [7] , the strut is represented as a cylinder with a diameter of 1.5 mm and the node is represented as a sphere with a diameter of 2 mm.
Lattice structures are rarely used in the form of a single unit [8] , so they have been fabricated and experimentally verified in the form of a (2 × 2 × 2) unit cell configuration; this means every 2 × 2 × 2 configuration has eight identical lattice unit cells that shape a cubic sample. The 2 × 2 × 2 configuration is selected because it minimally represents a repeated form of lattices and shows the essential propertites of lattices (see Fig. 4 ). When a lattice is under compression, it undergoes three processes: elastic deformation, energy absorption (plateu region) and densification. The 2 × 2 × 2 configurations undergo the three processes under compression, as shown in Fig. 4 , therefore, confirming they exhibit lattice behaviour. It is worth noting, in practice, lattice structures can be made with many more repeated forms than a 2 × 2 × 2 configuration. The 2 × 2 × 2 configurations are shown in Fig. 5 . By default, the bulk volume of each of the six lattice models in the configuration shown in Fig. 5 is (50 × 50 × 50) mm. In Fig. 5 , 2 mm thickness plates are included into the designs. The purpose of adding the plate is to allow for the mounting of an accelerometer sensor for impact tests and to simulate a real situation where lattice structures are commonly designed as repeated structures between thin plates used as boundary walls [9] .
Design parameter variables: total area moment of inertia and mass
The first design parameter is the total area moment of inertia I , which is constituted by I x , I y and I z about the x-, y-and z-axes respectively. Therefore, I is calculated as the summation of I I z x , I y and The calculations of the total I x , I y and I z are carried out by summing all individual area I zn moments of inertia of each strut p: I xs, I ys and I zs and each node n: I xn, I yn and
The area total moments of inertia I x , I y and I z are defined as: 
where I xs, I ys and I zs are the area moments of inertia of struts p about the x-, y-and z-axes, respectively, I xn, I yn and I zn are the area moments of inertia of struts n about to the x-, y-and z-axes, respectively, i is an index of the i th strut and j is an index of the j th node. The number of nodes and struts are denoted as N node and N strut respectively (see Fig. 2 ). The parallel axis theorem [10] is applied to calculate I for each strut: I xs, I ys and I zs and for each node n: I xn, I yn and I zn . Fig. 6 is an illustration of the parallel axis theorem from a two-dimensional (x-and y-planes) perspective. In Fig. 6 , the moments of inertia for each strut p and for each node n can be calculated with respect to a central coordinate system I x , I y and I z for the x-, y-and z-axes. The central coordinate system (the origin O) is calculated as the centroid of all the node coordinates. Hence, the moments of inertia for each strut and node are calculated as:
xn j xn n n 2 2
where i and j are the index for the i th strut and the n th node respectively, l s is the length of the strut, d s is the diameter of the strut p, d n is the diameter of node n, x s , y s and z s are the distances of the strut's centroid from the origin O along each axis, and x n , y n and z n are the distances of the node's centroid from the origin O (see Fig. 6 for a two-dimensional illustration in the xy-plane). In Eqs. are the area moment of inertia of the i-th strut when it is in a horizontal orientation. I xn , I yn and I zn are the area moment of inertia of the node about the x-, y-and z-axes respectively. Since the node is a spherical shape which has the same form in any orientation, I xn , I yn and I zn are equal and can be defined as follows [10] 7 . Illustration of the parallel-axis theorem in a 2D xy-plane for a nonparallel (non-horizontal) strut with respect to the lattice origin O of a lattice structure.
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is similar to the calculation of I y i ' s . From Fig. 7 , the distances of the elements of the struts (shown with a blue square in Fig. 7 ) ′ x and ′ y to the rotated x-and y-axes, respectively, can be defined as:
where θ is the degree of rotation of the strut from the origin. From the basic definition of area moment of inertia I of a solid body, I xs and I ys are defined in [10] . I xs and I ys are I of a rectangular crosssection area, since the strut's cross-sectional area along its long direction is a rectangular area. By inserting equation (11) into the basic formula for I xs [10] , we can obtain for each i-th strut:
where I xy s is a product of inertia and is equal to zero since the strut has a symmetrical cross-section area [12] . Hence, I x ' s i becomes:
[sin ]
12 . 
By substituting Eq. (12) into the basic formula for I ys [10] and calculating in a similar way as in equations (13)- (15)
for each i-th strut becomes: and can be calculated as (see Fig. 8 ):
where θ xy is the rotation angle of the strut with respect to plane xy. The calculations for I xs_i , I ys_i and I zs_i are summarised as follows (based on Fig. 8 ): (20)
, l s is the length of the strut, θ cos xy is the inclination of the strut with respect to z-axis, = − x x x 2 1 , and = − y y y 2 1 . Finally, I for the two thin plates can be calculated in a similar wat to the calculation of I for the nodes. Instead, the I of the thin plates follows a rectangular cross-sectional area [10] . To calculate mass, it is straightforward to calculate the total volume of the struts (as cylinders) and nodes (as spheres) and multiplying by the material density. In this study, the material used to fabricate the lattices is Nylon-12 with density ρ = 1010 kg/m 3 . Table 2 (row 1 and row 2) shows the calculated total area moment of inertia I and the mass for each of the six models in the 2 × 2 × 2 configuration in Fig. 5 .
2.2. Analysis of axial stress of each strut member in a lattice structure due to compressive stress
In this section, an FEA method to predict the ability of the lattice structures to sustain a load (structural integrity) is presented. To predict the structural integrity, a stiffness matrix method is used.
To analyse the structural integrity of the six lattice models, axial stresses on each strut are calculated and analysed. To predict whether the strength of a lattice structure is able to sustain a vertical load, all axial stresses on each strut should be less than the yield strength Y s of the lattice material. If there is more than one strut that has axial stress more than its yield strength, then the structure may fail to sustain the load. In Fig. 9 , an axial stress for each i th strut is denoted as P axial i . The axial stress P axial i is formulated as:
where F i is the axial force for the i th strut p and A i is the cross-section area of the strut perpendicular to the F i direction. A stiffness-matrix method is used to calculate P axial i for each node [11] . The method is then derived and extended to a 3D case and applied with MATLAB. Firtly, the method maps all the nodes and struts of a lattice into a symmetric global stiffness matrix. The second step is to calculate displacements for each strut p from a global displacement matrix. When the global stiffness and the displacement matrices are constructed, the axial force for each strut p can be calculated by:
where 6 ). N dof is the degree of freedom (dof) of the lattice being analysed and is defined as:
The N dof is multiplied by three because 3D spatial coordinates are being used. From Fig. 10a , the axial force F i can be calculated as: 
where E is Young's modulus, d f is the axial displacement and A s is the cross-sectional area of the strut perpendicular to F i . The global stiffness matrix K and the global displacement matrix D have to be constructed from a stiffness matrix ′ K and displacement matrix D', repectively, with respect to the local coordinates of each strut and with respect to the origin. The stiffness matrix for each strut K' can be calculated as (see Fig. 10a ):
The matrix K' is multiplied by a 2 × 2 matrix
because each strut only has two edges (the two ends of a strut). Moreover, the displacement matrix D' for all the struts can be defined as (see Fig. 10b ): 
It is worth noting that, similar to K', the matrix D' only has two nodes: f i and f i origin (Fig. 10b) . K' and D' are calculated with respect to the local coordinates of each strut (Fig. 10a) . Since K and D are the global stiffness and displacement matrices, respectively, the displacement and stiffness for each strut in its local coordinates should be transformed to global coordinates. Fig. 10b shows how to transform from the strut local coordinates to the lattice global coordinates. To transform the local displacement and stiffness matrices to the global coordinates, a transformation matrix T should be used, where T is defined as: Fig. 9 . Illustration of stresses for each strut p. 
where λ x , λ y and λ z are the transformation multiplier with respect to the x, y and z global coordinates respectively. λ x , λ y and λ z are calculated as: 
Hence, the global K and D matrices can be calculated as:
Finally, by substituting Eqs. (31) and (32) into Eq. (22), the F xial a matrix can be calculated as:
By calculating the matrices F xial a and D, all axial forces and displacements (in the 3D spatial directions) of each strut can be obtained.
To carry out the analyses, the material properties of the lattice structures and the boundary conditions for the analysis have to be defined. Nylon-12 is used as the material for lattice fabrication and test. The properties of Nylon-12 used in this study are obtained from the report by Ngim et al. [12] . The boundary conditions that are set for the truss analysis are: (1) the lower nodes of the six lattice models are fixed by setting their displacements in the x-,y-and z-directions to zero, and (2) the loads are applied vertically to each node at the top. Fig. 11 shows the boundary conditions to analyse the six lattice structures with the truss-matrix analysis. The total load selected for the polymer-based lattices is 5 N by considering small direct-current motors that commonly have massses ≤0.5 kg. The loads are distributed evenly across the upper nodes of the structures for numerical calculations.
From the structural analysis and after applying a 5 N total load, the maximum axial stress on each strut of the six lattices is compared to Nylon-12's material yield strength Y s [12] . Y s for Nylon-12 is 0.054 GPa. Results from the truss-matrix analysis revealed that lattice model 1, model 4 and model 6 have maximum axial stresses, among all the struts, that are greater than Y s . This result suggest that lattice model 1, model 4 and model 6 cannot sustain the given compressive load. Lattice model 2, model 3 and model 5 show maximum axial stresses that are less than Y s , and can sustain the given load and satisfy the structural integrity criteria. Table 2 (row 6 and row 7) shows the maximum axial stresses for the six lattice models and the ability to sustain the load.
FEA simulation to estimate stiffness and natural frequency of the lattice structures
A commercial FEA software package ANSYS was used to simulate and estimate the stiffness and natural frequency f n of the six lattice structures. Before starting the FEA analysis, a convergence test to determine the size of mesh elements, that controls the number of elements, was carried out. The test was carried out by increasing the number of elements until the simulation output converges.
The convergence tests use model 1 and model 5 since they are the models with minimum and maximum strut elements, respectively. The test is carried out by increasing the number of elements (by decreasing the element size) until the difference of a result with respect to the previous result converges. Fig. 12 shows the results of the convergence tests.
From the convergence tests, the number of mesh elements where the FEA results converge is around 95 000 elements for model 1 and around 220,000 elements for model 5 that correspond to element size of (0.4 × 0.4 × 0.4) mm. Hence, the mesh parameters used for the simulations are a quadrilateral element with a size of (0.4 × 0.4 × 0.4) mm. With the selected element size, the number of mesh elements for the 2 × 2 × 2 cubic lattice samples was around 95,000-220,000 elements. Material properties used in this FEA are obtained from reference [12] .
For the stiffness predictions for the lattices, an evenly distributed 1 N compression force is applied vertically on the top plate. The stiffness is calculated by dividing the compression force over the resulted displacement since the stiffness-displacement relation is still linear for a small force. The simulated stiffness is presented in Table 2 (row 5). The force and boundary conditions are presented in Fig. 11. Fig. 13 shows results of the displacement of the six lattice models. From Table 2 , we can observe that lattice model 1 is the weakest structure among the six models.
The estimated f n for the lattice structures is presented in Table 2 (row 4). In Table 2 , the simulated f n of the lattice models considers the first mode of vibration because this is the most dominant mode that occurs with oscillation along a vertical direction [5] . Fig. 14 shows the FEA simulation to estimate the f n of mode 1 for all the lattice models. Results from the FEA in Table 2 shows that the f n of lattice model 5 is the highest and has the highest stiffness.
Experimental verification

Fabrication
For efficiency, only three lattice models were fabricated for experimental verification; those were lattice model 1, model 2 and model 3. The reason to select the three lattices is as follows: (1) lattice model 1 has the least number of struts, (2) lattice model 2 and model 3 have Fig. 11 . A set of boundary conditions and loads for the analysis of the axial stress for each strut.
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different behaviour, compared to the other lattice models, for their stiffness (see Table 2 row 1 and row 5), and (3) lattice model 3 has a larger area moment of inertia than model 2, but a lower stiffness. The different behaviour could be related to lower bending stress in model 2.
To carry out experimental tests to verify the predicted natural frequency f n and compressive strengths of the selected three lattice models, the lattices were fabricated by means of a laser powder bed fusion (LPBF) process. The lattice structures were fabricated from Nylon-12 powder. Table 3 shows the mechanical properties of selectively laser sintered Nylon-12. The results of the LPBF fabrication are shown in Fig. 15 .
Impact test
Impact tests were carried out to characterise the f n values of the lattice structures [5] . The main components of the impact test are an accelerometer, a signal amplifier and an oscilloscope to read the amplified signals from the accelerometer. Fig. 16 shows the impact test experimental set up. The impacts are applied in the axial (vertical) direction. The calculated f n values are the eigen mode 1 vibration oscillation in the axial (vertical) direction. f n values are calculated from the amplified signals read by the oscilloscope. Fig. 17 shows samples of the recorded accelerometer signals due to vibration obtained by applying an impact force to the lattice structures and recording the signals until they are completely attenuated. f n values are calculated by finding the first three consecutive peak points from the maxmum peak. The three points are then determined following common procedures [15] .
For each lattice structure, both single cells and the 2 × 2 × 2 samples, three repeat measurements were carried out. In addition, the impact tests were carried out on two parts for each lattice model. The total number of impact tests was eighteen: three selected lattice models, three repeats for each model, and two fabricated parts for each model. Since the f n estimation involved two parts for each model, the standard deviation of the mean of the calculated f n values is used to quantify the 
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part-to-part variation. In addition, for comparison purposes, a solid cube model with size of (25 × 25 × 25) mm was fabricated with the same Nylon-12 material and also tested.
Compression tests
To test the compressive strength of the lattice models, compression tests were carried out by using a universal tensile test machine. The test was carried out by applying an axial compressive force with compression speed 1 mm min −1
. Fig. 18 (left) shows the results of the compression tests for the selected three lattice models, and Fig. 18 (right) shows one of the compression tests. The compression speed was set to 1 mm min −1 for all the tests. A total of nine compression tests were carried out (three selected lattice models with three compression tests for each model). In Fig. 18 (left) , the displacement data are only shown up to the maximum force before plastic deformation occurs [8] .
Results and discussion
From the results in Table 1 , model 1 has the minimum natural frequency of 50 Hz, model 3 has 320 Hz and model 2 has the maximum natural frequency of 500 Hz. Meanwhile, the results from FEA for natural frequency estimation are presented in Table 2 (row 4). Percentage differences between the FEA and the experimental results are 4% -14% (see below).
For more verification and comparison of the impact test results, a solid cube model was fabricated and tested. The f n of the solid cube model obtained from the experiment is 5170 Hz ± 80 Hz and from the simulation is 5250 Hz, giving a 1.5% difference. It is worth noting that the standard error of the impact test results consider part-to-part variation becase the measurements were carried out for two different parts for each model. Table 1 (row 2) shows the results of the stiffness measurements. The The structural stiffnesses calculated from FEA are presented in Table 2 (row 5). The percentage difference between the FEA and the experimental results of the stiffness ranges from 0.8% to 26%. Similar to the impact test results, the standard error of the results of the compression test consider part-to-part variation.
The uncertainty of the experiment results from both impact and compression tests are calculated as standard error of the mean. This type of uncertainty is called Type-A uncertainty [16] . Standard error is used to represent the precision of the calculated means from both the two tests [17] . The standard error u is calculated as [17] :
where σ is sample standard deviation and n is the number of repeat experiments. The values of n for the impact and compression tests are six and three, respectively. The difference between the FEA and the experimental results for all the lattice models is most probably due to the nature of the LPBF process used to fabricate the lattices, the difference in the material properties between the FEA simulation and the fabricated lattices, and the geometrical discrepancies of the fabricated part from the nominal CAD models, for example, the size of the lattices' nodes and struts [13] .
LPBF fabricates lattices that are not fully dense due to porosity defects, while the FEA simulation considered fully dense parts with ideal geometry.
To summarise (from Table 1 row 3), model 2 has the highest compressive strength having the maximum force, before plastic deformation occurs, of 19.25 N at 0.68 mm displacement. Model 1 has the minimum compression force that is 2.21 N with displacement at 1.62 mm. Model 3 has a compressive force higher than that of model 1 but lower than that of model 2. For model 3, the compressive force before plastic deformation occurs at 12.78 N with a displacement of 1.13 mm. It is worth noting that, the compression force of lattice model 1 is less than 5 N; this suggests that lattice model 1 cannot sustain the applied load of 5 N since, in model 1, the plastic deformation occurs before the compressive force reaches 5 N. Table 2 shows the summary of all the results of the calculated design From the normality tests, the variation of the data points follow normal distribution (with − = P value 0.85). It suggests that the regression analyses are valid. The regression analyses are applied to six data points from the six lattice models. The six lattice models cover a range from the model with the least number of struts (model 1) to the model with the most number of struts (model 5). With fixed nine number of nodes, the lattice design space is limited to those six models. Fig. 19 shows the correlation between f n and k m / . From Fig. 19 , the coefficient of determination (goodness of fit) R 2 value is 0.99. From the R 2 value, the data points do not follow the fit perfectly as in the case of solid cubes. This result suggests that lattice structure vibration characteristics are not exactly equal to those of solid structures. The complex nature of lattice structures may affect this equality, for example, due to bending of their members. Fig. 20 shows the correlation between f n and the proposed parameter I m / . From Fig. 20 , the proposed parameter I m / show a linear correlation to f n . The determination coefficient R 2 value of the fit is 0.81. Hence, the fitting covers 81% variation of the data. In Fig. 20 , from analysis of variance (ANOVA) test for the regression analyses, the I m / term is statistically significant ( − = P value 0.01) while the constant term (the intercept) is not significant ( − = P value 0.5). From ANOVA test, it suggests that the parameter I m / has significant positive correlation with f n . The proposed parameters could be useful to From Fig. 20 , model 2 has lower I than model 3, but model 2 has a higher stiffness than model 3. The reason can be traced to the stretchdominated nature of model 2's structure, and the bending-dominated nature of model 3's structure. A stretch-dominated structure increases the strength of model 2 and a bending-dominated structure decreases the strength of model 3 [7] .
From the simulation and experimental results, it can be observed that lattice model 3 is a good compromise between f n and the compression strength. Model 1, model 4 and model 6 have low f n which is good for vibration isolation, but the structure of these three models cannot sustain the given load. Similar conclusions can be drawn for model 2 and model 5; the two lattice models have the highest compressive strength, but they also have the highest value of f n .
The simulation and experiment results suggest that model 3 is the most suitable lattice structure to be selected out of the six lattice structure models proposed above for high-efficiency vibration isolation while fulfilling the structural integrity constraint. Model 3 has a sufficient strength but has a lower natural frequency compared to model 2 and model 5. A wide range of applications can utilise model 3 lattice design, for example, as a frame structure for a machine or as mounts for rotary equipment so that the vibration from the rotary equipment is isolated from the structure of interest considering an ideal situation where there is only one vibration source. For instance, a system related to rotational and linear motion typically has vibration generated from the motors, for example, a linear motor system can produce vibration with a frequency of more than 400 Hz [14] . Fig. 21 illustrates the vibration isolation of lattice models 2-5 with an external vibration source oscillating at 400Hz. Damping factors ζ are considered to be in a range from 0.2 to 0.5 [18] . Damping factor ζ is a constant that directly proportional to damping coefficient C [5] . Fig. 21 shows that lattice model 3 can reduce vibration more than lattice models 2 and 5 for all damping factors. Lattice models 1, 4 and 6 were not considered because they are too weak to sustain the predefined load, as can be seen in Table 2 row 7. For the range of damping factors considered here, the maximum vibration reduction that lattice model 3 can provide is 26% at = ζ 0.5(the transferred amplitude is 74% from the source amplitude), while models 2 and 5 do not reduce the vibration. Finally, the effectiveness of model 3 lattice structure to isolate vibrations also depends on the various vibration frequencies of the system of interest.
Conclusions and future work
The paper proposes design parameters to compare lattice designs considering the natural frequency and the compression strength, and to select a design that has high efficiency vibration isolation properties, that at the same time, is able to sustain loads. The proposed parameter is straightforward and efficient to calculate rather than to run FEA simulations, which are computationally extensive.
Future work includes, an investigation of a more comprehensive model to estimate natural frequency of lattice structures. The effect of bending of the members of a lattice structure is expected to contribute to its natural frequency. In addition, a full six degrees of freedom model of the vibration of lattices should be investigated.
The design parameters can be integrated into an iterative optimisation procedure as an objective function. With iterative procedures, a wider and more complex design space can be explored to find a better strut-based model that has high vibration isolation efficiency for a system of interest.
Further work will study the various types of defects of fabricated lattice structures, for example, part porosity and geometry imperfections, and their correlation to the degradation of mechanical performance properties, for example, natural frequency and compressive strength of the lattice structures. Fig. 20 . Positive correlation between the proposed design parameter I m / and the natural frequencies of the models. The fitted line is calculated from simulation data. The error bar and variation of fitting coefficients are u (standard error).
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